AD-768 617

EXTENDED ARRAY EVALUATION PROGRAM,
SPECIAL REPORT NO. 9. CONTINUED EVAL-
UATION OF THE NORWEGIAN SHORT-PERIOD
ARRAY

Frode Ringdal, et al

Texas Instruments, Incorporated

Prepared for:

Advanced Research Projects Agency
Air Force Technical Applications Center

10 August 1973

DISTRIBUTED BY:

Natioiial Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

. S NEY




v r .

UNCLASSIFIED

Security Classification

e R e

DT.CUMENT CONTROL DATA-R&D

(Security ciasailication of titis, body of abstract and indexing annotation must be entered when the overali report is classilisd)

1

ORIGINATING ACTIVITY (Corporats author)
Texas Instruments Incorporated

Equipment Group

Dallas, Texas 75222

28, REPORT SECURITY CLASSIFICATION

UNCLASSIFIED

2b. GROUP

. REPORTYT TITLE

Continued Evaluation of The Norwegian
Report No. 9

Short-Period Array, Special

. DESCRIPTIVE NOTES (Typs of report and inciusive dates)

Special

. AUTHOR({S) (First nams, mtddis tnitiai, iast name)

Frode Ringdal
Richard L. Whitelaw

REPORT OATE T8,

10 August, 1973

TOTAL NO. OF PAGES 75, NO. OF ReFS

10# 7

. CONTRACT OR GRANT NO. oa,

Contract No. F33657-72-C-0725

. PROJECT NO.

ORIGINATOR'S REPORT NUMBER(1)

AFTAC Project No.
VELA T/2705/B/ASD

ob.

OTHER REPORT NOI(S) (Any other numbars that may ba assignsd
this report)

. DISTRIBUTION STATEMENT

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

. SUPPLEMENTARY NOTES 12.

ARPA Order No. 1714

SPONSORING MILITARY ACTIVITY
Advanced Research Projects Agency
Nuclear Monitoring Research Office

Arlington, Virginia 22209

. ABSTRACT

This report describes the continued evaluation of the
Norwegian short-period Seismic Array (NORSAR), which was conducted
by Texas Instruments Incorporated at the Seismic Data Analysis Center
over the period 1 April 1972 to 31 March 1973.

The major areas of study presented in this report are:

Signal analysis on a regional

basis

Signal amplitude response patterns across the array
Array processing performance

NORSAR seismic event detectinn capability
Behavior of short-period seismic discriminants

The total data base for this study comprises 344 events.

LD &V.1473

UNCLASSIFIED

Security Clessification




. —————— ——— i spoam e

IINCILASSIFIED

Security Classification

KEY WORDS

LINK A

LINK B

LINK C

ROLE

wT

ROLE wT

ROLE wTY

NORSAR short-period array
Signal characteristics

Array beamforming
Signal-to-noise improvement
Detection threshold

Discrimination capability

/

UNCLASSIFIED

Security Classification

3

d .
LG 5 e e e S i B 5 AT 4 8 o S 2 i St 1o A




L
_\./) APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

AFTAC Project No. VELA T/2705/B/ASD

CONTINUED EVALUATION OF THE NORWEGIAN SHORT-PERIOD ARRAY

SPECIAL REPORT NO. 9
EXTENDED ARRAY EVALUATION PROGRAM

Prepared by
Frode Ringdal and Richard L. Whitelaw

T. W. Harley, Program Manager
Arca Code 703, 836-3882 Ext. 300

TEXAS INSTRUMENTS INCORPORATEL
Equipment Group
Post Office Box 6015
Dallas, Texas 75222

Contract No, F33657-72-C-0725
Amount of Contract: $792, 839
Beginning 1 April 1972
Ending 31 December 1973

Prepared for

AIR FORCE TECHNICAL APPLICATIONS CENTER
Alexandria, Virginia 22314

Sponsored by

ADVANCED RESEARCH PROJECTS AGENCY
Nuclear Monitoring Research Office
ARPA Order No. 1714

ARPA Program Code No. 2F10

10 August 1973

Acknowledgement: This research was supported by the Advanced
Research Projects Agency, Nuclear Monitoring Research Office
under Project VELA-UNIFORM, and accomplished under the tech-
nical direction of the Air Force Technical Applications Center
under Contract No. F33657-72-C-0725.

Reproduced by

NATIONAL TECHNICAL
INFUORMATION SERVICE

S Depariment of Commercea
Springfield VA 22151

Equipment Group




k|

ABSTRACT

This report describes the continued evaluation of the
Norwegian short-period Seismic Array (NORSAR), which was conducted
by Texas Instruments Incorporated at the Scismic Data Analysis Center

over the period | April 1972 to 31 March 1973.

The major arcas of study presented in this report are:

° Signal analysis on a regional basis

] Signal amplitude response patterns across the array
@ Array processing performance

° NORSAR seismic event detection capability

° Behavior of short-period seismic discriminants

The total data base for this study comprises 344 cvents.

Neither the Advanced Rescarch Projects Agency nor the Air Force
Technical Applications Center will be responsible for information contained E
herein which has becn supplied by other organizations or contractors, and
this document is subject to later revision as may be nccessary. The views
and conclusions presented are those of the authors and should not be inter-
preted as necessarily representing the official policies, ecither expressed or _.
implied, of the Advanced Research Projects Agency, the Air Force Technical h
Applications Center, or the US Government. ’
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SECTION I
INTRODUCTION

This report presents the results of an ongoing evaluation of

the short-period (SP) Norwegian Seismic Array (NORSAR), using scismic

-
e

data recorded during 1971 and 1972. The overall objectives of the NORSAR

F i
T T TP

-
SP cvaluation are: E

1

W — W 7 ¢

[ Determine the best processing methods for enchancing the

signal-to-noise ratio of Eurasian events.

e

° Determine the array capability for Eurasian events. g
° Evaiuate the performance of short-period discriminants

]’ at NORSAR.

ity _
° In conjunction with long-period NORSAR data. determine the

detection and discrimination capability of NORSAR for Eurasian

cvents.

Substantial progress has been macde toward achieving the first
three objectives, but the results presented in this report may still be irnproved
as the data base for the evaluation is expanded. Work toward meeting the fourth

objective is still at an initial stage, and will be given more attention in our fu-

turec analysis.

Five analysis tasks were undertaken in order to meet the first

*

three objectives stated above:

[
ey

] Noi: 2 analysis
&

31—




Signal analysis
Array processing effectiveness
Detection threshold estimation

Behavior of SP discriminants

Results from noise analysis were presented in Special Report
No.6 under the Extended Array Evaluation program. No further vrork on this
subject has been undertaken since then. Results from each of the four remain-

ing tasks are presented in subsequent sections of this report.

The NORSAR SP array, centered about 100 km due north of
Oslo, Norway, consists of 132 chort-period seismometers and has an aper-
ture of about 100 km. The sensors are grouped in 22 six-element subarrays;
each subarray has a center sensor and a five-sensor ring and is about 7 km
in diameter (Figure I-1). Throughout this report, the official nomenclature

will be used whenever a NORSAR seismoineter or subarray is referred to.

The results presented in the following sections are based pri-
marily on events located on the Eurasian Continent. A total of 344 events
have been analyzed; 106 of these were listed as the data base for Special Re-
port No. 6. Table 1-1 lists the parameters for the additional 238 events pro-

cessed since then.

Geographically, the events are concentrated principally in the
Northwestern Pacific (from Kamchatka to Taiwan) and in south central Asia
(north and west of the Himalayan system). Thirty-nine events from the
Mediterranean region are included as well eight from the Arctic Ocean and
eight from Continental North America. Twenty-one events are presumed

explosions; including eight from Eastern Kazakh, one from Western Ka »akh,

two from the Ural Mountains, three from Western Russia, one from Novaya

Zemlya, one from the Aleutian Islands and five from Nevada.
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DESTGNATIIN

GRE/002/709N
SIN/DO2/710M
KAM/002/06N
KAM/NO2/1GN
KAM/NO G/ NN
¥AM/004 /10N
TAT/004/712N
KR/ 0O0DS /02N
A1S7005/ 04N
TAD/NOS/17N
KOM/N05/14M
K&aM/005/YAN
¥IR/0ONE/CEN
TAI/006/00N
IPA/NOS/OAN
SWR /007 /20N
KOM/N0Q /03N
KAM/0QG /14N
KUR/N{9/14N
PHT/010/05M
KAM/011 /08N
rer/nl12/13M
KAM/O12/20N
STR/013/17N
STR/014/703N
TRA/NL4/22M
KUR/G165/700N
FRS’Q015/71°N
ST1/015/20N
S12/015/720N
KAM/016/04N
KAM/O16/11N
12A/018/21IN
ITA/018/723N
nn/020/02N
KUR/O22/01N
TUR/022/1 7N
KAM/0D?25/710N
ITA/025/20N
CRE/026/12N
KAM/Q27/20N
ECS/02R/04N
PAK/028/10N
KIR/0Zr/20N
FPS/702R/21IN

NATF

or/ec2/772
01/02/772
01s02/772
0v/70*/772
N1/04/772
01/04/772
01704772
N1/05/72
01/06/772
ov/708772
0Y/7085/772
NY/70%/772
N1/06/772
0Y1/06/772
01706772
nNy/07r/772
0l70c/72
01709772
01709772
01710772
01711772
n1/12777?
1712772
nv/12/72
01714772
01714772
01715772
01715772
01715772
01715772
01716772
017167712
0171pP/772
01712772
51720772
01/22/72
01722772
01/72%/72
01725772
01/72¢/12
01727772
nN1/29/772
01728772
n1/s28/72
01/2R/72
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TIMe
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10.727.735
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02.76G.,1°
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0L ,67,4]
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1~,CG, 50
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NDESTIONATINN

KUR/02R/23N
IRA/029 /09N
KAM/(R2/710N
KAM/033/04N
KUR/033/0GN
KUR/032/17M
YUN/D34 /07N
TTA/N35/07N
BAT/035/703N
[TA/O35/C4N
ITA/035/06N
ITA/025/17N
ITA/035/19N
ITA/036/01IN
ITA/7036/703N
1TA/7036/05N
ITA/036/707N
ANR/Q37/01IN
KA7/037/08N
ITA/037/21IN
[TA/703G/712M
IPA/0Q4]1/0AN
[RA/041/16N
SIN/042/708N
TIR/042/12N
KAM/0Q42/ 21N
KHR /044 /705M
GRE/0Q44/ 13N
KOM/044/22N
KUR/0D46/16N
CRE/O4T/ONN
SIN/N&LT/2N
KUR/049/1PN
CIN/OS]1/1INN
NKH/0S51/10N
kKLM/051/720N
KAM/052/22N
YUG/052/23N
MON/0OS3/01M
HIN/QOS53/708N
KUR/Q54/C3N
KAM/054/ 19N
KHR/ND55/10N
KUR/055/ 18N
KtIR/056/19N

NATF

01/28/7%"
1722772
02701772
N2/n2/772
22/02/7712
02/02/72
n2/03/772
027047712
02704772
02704772
N?2/04712
02/04/772
N2/04772
N2/05/772
n2r115/772
02705772
02/95/72
Nn2/n6/7?
N2/06/772
02706772
0z/08/772
02710772
02710772
Q2 /"N,
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02/13772
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N2/15/172
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N2/24/772
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ARIGIN
TIMF

23462,51
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FVENT
NESTGNATION

WRKS/G56/22N
KUR /0867 22N
KUR/(OST/0RN
KAM/QOKT/NGN
FRS/05T7/ 15N
YHUN/QOS5T7/18aN
1NV /NER/NAN
LN1/705R/71INN
LOM/NSR/TIN
LomM/052/17N
BA[/059/22N
KUR/059/701N
PAK/059/705M
KAM/059/1 1IN
AFG/7059/7 18N
KAM/0S9 /20N
IRO/OAND/ORN
IPA/O6K2/714N
ALM/062/16N
¥AM/OAI/O0ON
NST/063/0EMN
KNM/ D62 /08N
YUG/063 /21N
KIE/063/23N
SIN/O64/04MN
KAM/OER/OAM
KUR/CHA/NAON
NKH/066/16N
CHIZOAR/? 3N
YUG/067/05N
NKH/O068/02N
IRA/Q6HZ2IN
RUL /068722
KAZ/70T70/04N
KUR /0DTQ/ 06N
ARC/0OT1/706N
KAS/OT71/13N
KUR/072/02M
AF/7073/05N
TIR/073/18N
TIR/O7S/0AN
KUR/OTT/OTIN
TAN/0T77 /09N
T1RA/Q77/17N
KAS/0Q77/23N

NATE

02725772
027287172
02726772
Nz/126/72
nN2/26/72
02726777
02727772
n2/21/1?
02/27/772
02/727/72
02/27772
072/728/777°
N2/728/771?
np/2er12
02728772
n2/2e/772
02/29/772
0/02772
n3/02/72
N3/703/772
n3/’7az=rs12
02/0%772
23/02/772
N3/02/12
N/04/72
02/06/772
N3706/772
N3/0(/772
02/08/772
N3/07/772
N3/0r/772
nN1/Q08/72
02/0R772
n/In/s1?
N3/10/72
03711772
nN2711/772
034127402
03713772
03/12/772
03715772
03/17772
N3/17/772
02/17/772
02/717/712
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iPTCTR
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N6.05.N9 K3 ,8N 1A0,0F
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21.4G. 11 27.AN FR6E,TF
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NA00.32 " 30, 4N R4 ,EF
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0G,17.11 40.1N 60.7F
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23,223,227 212,0N T5.0F
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Data quality was excellent; about one-half of the time all 132

sensors were operational. In most other cases one subarray (six sensors)
was dead or contained calibration signals, the worst data loss was 24 sensors.
For a total of six events we found spikes in the data, but these events could
still bc processed. As was stated in Special Report No. 6, it appears that the

seismometers are reasonably well equalized across the array.

¥rom about March 20, 1971, to near the end of the year, at
least two sensors were observed to have reversed polarities. Sensor 06B03
was in the reversed state throughout this period, and sensor 05C04 was
corrected in mid-August only to be followed by a phase reversal of 08C02.
For about ten days around this transition, as many as seven sensors were
affected by this problem. No phase reversal has been observed in 1972 data.
Table I-2 shows the pattern of the reversals and the extent of the data base
from which the above conclusions were determined. The effect of the reversals

on subarray and array-beam quality will be discussed in Section III.
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SECTION 1I
SIGNAL ANALYSIS

INTRODUCTION

Several large signals recorded by the entire array were analyz-

ed in order to study signal characteristics. Analyses of the following phenomena

were performed:

Variation as a function of epicentral location of signals in both

time and frequency domains.

Variation of SNR (signal-to-noise ratio) from subarray to sub-
array for a given event, and its relativa to subsurface velocity

structure.

Deviation of propagation across the array from a plane-wave
moudel and the variation of this deviaticn with epicentral loca-

tion and signal cpectral content.

Discrepancies between body-wave magnitudes (my) based on
measurcments of data processed in TI's Alexandria office and
those reported in the NORSAR, LASA, and PDE bulletins and

their variation with epicentral region and my,.

Results of these analyses are discussed in the remainder of this section.

REGIONAL SIGNAL CHARACTERISTICS

A study was undertaken to examine signal waveforms recorded

at NORSAR on a regional basis. For this purpose it was found convenient to

II-1

i’g




apply the short-period discriminants defined in Chapter V to a set of presumed
earthquakes from Eurasia. A total of 97 events were selected, all of body wave

magnitudes between 4.5 and 5.0. The reason for selecting this narrow range

of magnitudes was to minimize side effects on signal complexity and frequency

contents caused by magnitude variations. The geographical distribution of

these 97 events is shown in Figure II-1.

Fo¢r each discriminant, the events in our data base were ranked
according to their discriminant values. The 25 highest ranking and the 25
lowest ranking events were then plotted in geographical space. Figure II-2
shows the results for the autocorrelation mean square discriminant, which was
selected as a representative for the dis-riminants based on event complexity .
Similarly, the dominant period discrii-inant was sclected among the criteria
based on signal frequency contents, an!l the resulting plot is shown in Figure II-3.
It should be noted that all complexity discriminants showed similar results, as

was also the case with the frequency discriminants.

The following observations on regiona. signal characteristics

may be made from Figures II-1, II-2 and II-3.
° Mediterranean Region

Not unexpectedly, signal traces irom this close-in region
(around 20 degrees distance from NORSAR) tend to have high
complexity values. 1t is, ho wever, surprising to find that
most of our events from the Mediterranean have a low dominant
frequency. In fact, three events from Turkey and one from
Italy had a dominant period greater tha: 1.5 seconds on the
adjusted-delay array beam, and all 18 events from Turkey/

Italy exceeded 0.9 seconds.




Nt
5

_ o Sl = - AdALS SOILSIYA IO VIVHD TVYNDIS TVNOIDIAY 4O
t AILOATIS SANVADHILEVH L6 4O NOLLN9IYISIa TVOIHAVYEDOIAD

I-II 3902013
JO0NLISNGT *930 91 /°NI 00G*g ¢315JS dHW
NOTL33r0ad J016033W 3141000 N30
3061 308 3021 3001 3000 365 3085 3060 308G 3038 30w 305 3620 306 oeo

i ER IR NN =)

; mw%.hnu o 4 : NDT

zm”‘ Eo] i >
. 1 S AN A ol
! .ﬂ.\ | N4 )

2 0L 091 3063

Reproduced from
best available copy.

b
L

E o fl,,,., |
q nm 4 w\Vq TR W S e
W o

——= oy

| Nas) 7 7 AN T i
h m | n.umw1. ﬁ ] e ﬂmm 2
| NGy _ 4 m NS
_. _ - i + J...\.le.”"
| _q T le,,%u o
s el v —{ N1
T NAEP
| zmn__V.l]mNn“q. vaffljm_\wml\/fr NZ

SR T |
e | =

|
| . - Nos
POAE oM aET Jg6v JMED 020 30U S00F 3060 WED 00 oW S0m ¥ 3060 3620 3010 OoF

ol

w001 3seaT 3e yda(g jo sayenbyiaeq v
Wdeag umowiup jyo sayenbyjaeq ao soxenbyixeqg morreyg +

2 .‘w.t& ¥ = Fom B 3 Ry (2 : ] Vmoramng ¥ ~a iy I = oG I oy [ o ~ e ™
i —u ...7“ [ — & ™ “ — e H -y R . - = . St r.lul (- F o j S — [ F— " W " " * .M L

T oo em——— L i




— e et e - ST LTI

Do Bee e s -+ LNVNINI¥OSIAd TYVNDS NVAW NOILVIZ¥YOD0L v
JHL L€ AIUNSVEAW SV ALIXITIWOD TVNDIS TVNOIDTY

¢-II IdNDIL

JANLISNOT °5330 91 /°NI 00S°0 371605 dHb
NOIL133M0dd d0L180330W 0314100W 33771K

3! TLL 2081 E FHL FLaba ot okl 4201 0es 3035 3ndn 3090 W3 3THD LIRS R i S |1 44| 0o

NO! . : _ a@ﬁ L%W = m__hur = h.\\x | ﬁz”
HER SNENEESNRERN
\\ﬁ ﬁ\..f % -

by s

| |

NI - H T 4] c & .

L (..Lﬁ\ﬂ%., ‘LU o= w—
R # .

_ |
|
|

L=
Cle

L A

=" MJ# ] o nﬁnlf. N4
L ow | g e
i oy —— — | g
i) - 28 oL,

| . 5

I1-4

S | _5
i K9 e -3 + = . NIR
L = | _ " “ ™ )
s g /]
g \-\IWMI\N].JIIT k
Mt —— e i ﬂf el = n
L _ T = = ROL
1 S .mm_.._\m x
= FL} Rk g
<5 e |
h\l\
..llhﬂl-\\q.u ] ﬁ\w
5 | | T | —B i %
i 3 0Ll 3094 3051 EH ol E 16 fo anz 3011 3cat IEC e 040 gy auars E el e e g u_.um.

(sayenbyizesy deag :V)Axardwon ystg : p
(soxenbyjzeqg deaqg :V ) &iixadwio) mo : e




L s st oo . et bttt

Reproduced from 9
bggl available copy.

grivad o b T & > ¥ o

b

o LT i - . — : n :anﬁdﬂu.wanuﬂﬁ.
e e TR = - INVNINI¥OSId AOI¥Ad ILNVNINOQ LI Aiq
IYNSVIN SV SOILSIYALDVIVHD TVELDAdS "TYNDIS TYNOIDAYH
¢-II 39NHDI1IT
JO0NLIINDT *S30 91 /°*NI 005 - 437505 dbl
NOILDO3Ir0ad 3016033W G314100W ¥371711W
,.tu_mm 30L1 04! 3081 mu.a. umﬁ”_.__ 30z 011 01 20ET mc._.mn A0£% m:”“..c E [ pa | mm“ﬁ 0L G20 301 _..“n.u.r....u
0] T . ;
| | _W«\L MW J
NG} ?_ _. ﬂ;&f ; _ /
ot D = . NL2
zr.n_ mﬂ\\»\.\rk Y = v
= \y ]
NOE | . . e
ES.E,.P
_ Nﬂﬂ\’\u\.@ 1 o -.ﬂ‘ -
N0y " r\ﬁ% S -
| #* L e
: IV.“ _ NS
NUS Ty _
| ) hm“mv .
[ - _
NS | - ﬁ NJd
i | - g\
&«
: M——".—]
i — ] : FL] .LM%__JF N!L___ v/_-u
Tyl
g | ) h\\:\!\\\\.\\
u.r.\H._ln..IL ~—
j s " nﬂm
zn_”..m._”a_ anes 0491 4081 A0ui ElR A48 ot E T £l A4GE0 304 EH LS AW el AusLs AL 0 n..uw
(soyenbyjzemg deoq :V) Aousnbaz g jueurwioq mo7 ©
(soyenbyjzey deaqg :V¥) Aduenbai g jurutwioq Y31 e
B e | D OB O ey T SIm oEn s

II-5




T REE R TS

Figure I1-4 shows the "average' power spectrum for our Italy
events (i.e the average dB value for the selected events for
each frequency). The predominantly low frequency content is
clearly seen, and individual inspection of the spectra shows
furthermore that spectral peaks tend to repeat from one event
to another. This is not so surprising in view of the proximity

in location of the Italy events.

In contrast to what was observed for Turkey and Italy, events
from Greece tend to show significant high frequency content.

Four of the five Greece events included in our data base had a
dominant period between 0.6 and 0.8 seconds on the adjusted-

delay array beam.
Iran / Middle East

From our limited data base it appears that events from this
region generally have low to intermediate complexity. Dominant

period for Iran events typically ranges from 0.6 to 0.9 seconds.
Central Asia

Events from Central Asia have in general low complexity
values. This is especially pronounced for the Afghanistan/
Tadzhik/Sinkiang region, where 6 deep events were included

in our data base.

With respect to dominant period, an interesting transition
occurs at about 76 degrees East longitude. Signals from
Afghanistan/ Tadzhik west of this meridian are generally of

high frequencies, with typically 0.5-0.8 seconds dominant

period both for deep and shallow earthquakes. To the contrary,
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signals from the Kirgiz-Sinkiang border region further east
exhibit a dominant period of 1.0-1. 3 seconds on the adjusted-

delay array beam.

Signals from earthquakes occurring elsewhere in Central Asia

quite often indicate a significant content of high frequency energy,

but our data base is still to scarce to permit more specific con-

clusions for this general area.

Southeast Asia

Very few events from this region were included in the data base,
but is interesting to notice the high complexity of our Taiwan -
events. Signals from this area tend to have a dominant low

frequency.
East Asia and Western Pacific

Most events from this region produce low complexity signals at
NORSAR. Some high complexity signals are seen for events

from Kamchatka.

There is a considerable variation in spectral characteristics
for signals from the Kamchatka-Kurile arc. The two extremes
in our event population are KUR/001/16N and KAM/078/18N
with dominant periods of 0.4 and 1. 3 seconds respectively

for the adjusted-delay array beams. Both of these events

are of unknown depth. In general events from this region

tend to have a dominant high frequency; this is most pronounced

for earthquakes from the Kurile Islands.

In conclusion, there seems to be significant variations in re-

gional signal characteristics observed at NORSAR, Some of our observations

I1-8
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contrast with the general expectaticus of decreasing signal complexity and in-

i E I creasing dominant period as the epicentral distance increases.
3
E

1 L I It is interesting to compare the regional characteristics found in the
. precceding study to the corresponding characteristics of underground explosions,

which are low complexity and low dominant period (high frequency). The most

aca canidal o ouy

"explosionlike' earthquakes in this sense arc seen to occur in the Tadzhik/

iy 0

Afghanistan region and the Kurile Islands.

C. SUBARRAY BEAM AMPLITUDE VARIATIONS

The striking variations in signal amplitudes from subarray to sub-
array were discussed briefly in Special Report No. 6. A study was under-

taken to investigate this phenomenon in more detail. Several large events

from various regions were selected, and signal and noise RMS levels were
computed for cach event on all subarray beams filtered with the standard
fitter. The events were grouped by region, and signal-to-noise ratios (SNR)
(in dB) were averaged over all events within each region for each subarray.
{ Since the noise level does not vary significantly between subarrays, these
SNR values are essentially equivalent to the corresponding signal ampli-

tudes.

The results are presented in Figures II-5 to II-8 for four

S TR B A Tl o T R 2 . o Rl e i 5 S T 2 /

selected regions: Kuriles, Kazakh, Yunan and Kirgiz. A map of the
NORSAR array is shown on each figure together with contours indicating
the pattern of signal amplitude variations for each region. The interval
between contours is 2 dB, and the numbers represent SNR level in dB
relative to the average subarray. Within each region, typical standard de-
viations for a subarray across the ensemble of events were 2 dB, thus the

contour maps should give a reasonably reliable picture of the NORSAR

amplitude distribution for the regions selected.
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Region: Kuriles; Azimuth: 24 - 32 degrees; Distance: 65 - 70 degrees;
Events: KUR/005/02N, KUR/022/01N, KUR/054/03N, KUR/057/05N,KUR/077/07N

FIGURE II-5

CONTOUR PLOT SHOWING SUBARRAY SNR VARIATION
FOR EVENTS FROM KURILES REGION .
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Region: Yunan; Azimuth: 72.6- 75.9 degrees; Distance: 6.4 - 67.4 degrees
Events: YUN/057/18N YUN/141/02N, SZE/228/04N, SZE/228/18N, SZE/246/18N

FIGURE II-7

CONTOUR PLOT SHOWING SUBARRAY SNR VARIATIONS FOR
EVENTS FROM YUNAN REGION
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Region: Kazakh; Azimuth: 74.5 - 75.5 degreces; Distance: 37.7 - 38.2 degrees
Events: K/ 2/081/04N, KAZ/115/03N, KAZ/145/04N, KAZ/157/04N, KAZ/181/0N

FIGURE II-8

CONTOUR PLOT SHC WING SUBARRAY SNR VARIATIONS FOR
EVENTS FROM KA ZAKH REGION




It appears from these data that the eastern part of the NORSAR
array (subarrays 01C through 07C and 01B through 04B) generally show higher
signal amplitudes than subarrays located further west. This seems to hold
true, with few exceptions, for all of Eurasia; however, our limited data from

the Western hemisphere indicates that this pattern is not globally valid.

The great variation in amplitude patterns even for regions
fairly close together (like Kazakh and Kirgiz) is striking. Of particular
interest is the Kazakh region, (Figure II-8) where subarray 12C exhibits
14 dB lower SNR than the average subarray. This spread is much greater

than has been observed for other regions, including other underground nuclear

test sites.

An attempt was made to relate the amplitude variations to
the structure of the Mohorovicic discontinuity underneath the NORSAR array.

Similar studies to explain amplitude anomalies across the LASA array have been

performed by Aki (1973) and others.

Depth contours for the Moho underneath NORSAR are presented
in Figure II-9, as measured by Kanestrom and Haugland (1971). The arrow on
this figure rcpresents the wavefront arrival for Eastern Kazakh events (azimuth
75 degrees), and is seen to follow closely the trend of a ridge in the Moho below
subarray 05C. The arrow is furthermore perpendicular to the depth contours

corresponding to the sudden depth increase of the Moho in western direction.

Figures II-10 and II-11 are conceptual models of the structure

underneath the NORSAR array as seen by applying two vertical sections as in-
dicated in Figure II-9. The directions of wavefront approach indicated in
Figures II-10 and II-11 correspond to events from Eastern Kazakh. The

refraction effects shown in these figures seem to explain well, in principle,
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FIGURE II-10

CONCEPTUAL MODEL (SECTION LINE I IN FIGURE II-9)
SHOWING HOW REFRACTION OF P-WAVES MAY CAUSE
LOW SIGNAL AMPLITUDES FOR SEISMOMETERS
SITUATED RIGHT ABOVE A RIDGE IN THE MOHO
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CONCEPTUAL MODEL (SECTION LINE II IN FIGURE II-9)
SHOWING THE EFFECTS OF A SUDDEN DEPTH INCREASE
OF THE MOHO. SEISMOMETERS LOCATED AT THE
SHADED AREA WILL SHOW ABNORMALLY
LOW SIGNAL AMPLITUDES.
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how the scemingly anomalous behavior of subarray 05C and 12C amplitudes

for Kazakh events may occur.

Note that Figure II-10 will remain unchanged for all wave-
fronts with the same azimuth as the Kazakh events, while the location of the
shaded area in Figure II-11 will vary with the angle of incidence of the wave-
front. This explains why Kazakh is the only region for which extremely low
amplitudes for subarray 12C are secen, while low amplitudes for subarray 05C
are observed also for events from Yunan, which also is at 75 degree azimauth

from NORSAR,

It is conceivable that most of the amplitude variations between
NORSAR subarrays may be explair ed as caused by curvature of the Moho
boundary underneath the array together with random ecffects due to scattering.
However, a much more detailed analysis will be required to reach a definite

conclusion with respect to this matter.

An interesting consequence of the regional consistency in the
subarray amplitude variations is that diversity stack beamforming with pre-
defined weights would be a realistic alternative to conventional beamforming
for NORSAR on-line detection processing. Also, the large spread in subarray
amplitudes suggests that forming partial array beams, using only the best
subarrays for each region, might improve signal-to-noise ratios while reducing
computational load for the NORSAR DP. This possibility will be investigated in

future work.

D. TIME DELAY ANOMALIES

As was stated in Special Report No. 6, significant time delay
anomalies (deviations from plane wave propagation along the great circle
azimuth) are observed for the NORSAR array, and must be taken into account

in array beamforming.

II-18
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]

w Inter-subarray time delay anomalies were calculated for all
ue large SNR events by computing the cross-correlation functions betwecen the
Yo

refercnce subarray beam and the remaining subarray beams. A signal gate of
3 seconds was used in most cases. All compuied delays were hand checked
< for inter-subarray consistency and also compared with delays from necarby

events. Whenever a lack of consistency was found, the necessary adjustments

were carried out by the analyst.

il For the teleseismic regions (distances 30-100 degrees) con-
sistent time delays were generally obtained without difficulty, thus confirming
. observations reported in Special Report No. 6. The problem mentioned in that
report with respect {0 finding consistent time delays for subarray 7 (06B) for
Kirgiz events is now believed to have been caused by the phase reversal in

sensor 06B03 discussed in Section I of this report.

As can bhe expected, the irregular shape of the Mohorovicic

discontinuity underneath the NORSAR array described in the preceding sub-

i .. section, has ramifications with respect to the travel time anomalies for signals
] E as received at NORSAR. As an example, the pattern of measured deviations from
= a plane wavefront for events from Kirgiz is shown in Figure II-12. The carliest
e

signal arrivals relative to the planc wavefront occur for subarrays 01A and

08C, while subarray 03C has a signal arrival 0.7 seconds too late (relative

ot

to the 01 A arrival). Time aromalies of up to half this magnitude may be
accounted for by the relatively longer path travelled through the earth's crust
for rays arriving at 03C than for 01A. The resemblance of this time delay
anomaly pattern to the Moho pattern shown in Figure II-9 indicates that the
remaining part of the time delay anomalies may come from velocity structures

in the earth's mantle related to the shape of the Moho.
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i
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FIGURE II-12

CONTOUR PLOT SHOWING THE MEASURED TIME DELAY
DEVIATIONS FROM A PLANE WAVEFRONT FOR EVENTS
FROM KIRGIZ. THE NUMBERS REFER TO DELAY IN

DECISECONDS, THE EARLIEST ARRIVAL OCCURRING
AT 01A AND 08C.
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Near regional events, notably from Western Russia and the

Mediterranean area, still represent a considerable problem with respect to

e T e .

finding appropriate inter-subarray time delays. However, the swarm of

events from Italy during February 4-8, 1972 has given some insight to the

]

behavior of delay anomalies for Mediterranean region events.

& For all the Italy events processed, it was observed on the

- time domain traces thatat least one cycle of 0.5 Hz energy precedes the arvival
e of a1 Hz P-wave (e.g., event ITA/036/01IN, shown in Figures II-13 and II-14).
T However, the relative sizes of the corresponding spectral pecaks were scen .0
= vary markedly {rom cvent to event. For one event, ITA/035/02N, the 0. 5 Hz
i energy completely dominates the spectrum, as seen in Figures II-15 and II-16.
wi

- For all Italy events except ITA/035/02N, similar sets of time
i delay anomalies were found applying the cross-correlation procedure. In-

= terestingly, when the standard filter was applied prior to cro ss-correlation

.;;g for ITA/035/02N the resulting time delays were consistent with the other evruts.

(Table II-1). Figure I1I-17 shows the power spectrum of ITA/035/02N when

applying the delays computed from filtered data.

Our conclusions from studying Italy events can thus be stated

as follows:

° Encrgy of distinctly different {requencies arr.ves at the NORSAR

array at distinctly different times. This suggests the existence

.{Tﬂ?ﬂmu;ﬂ-.‘“wmm"m_ -

of two different propagation paths with highly different attenuation

e

® Time delay anomalies computed for Italy events vary consider-

ably with frequency. Thus, array beamforming based on

delays computed from low frequency energy may cause sub-

stantial loss for higher frequencies

l characteristics for Italy events.
b
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I TABLE II - |
'1, COMPARISON OF DELAY ANOMALIES COMPUTED FROM HIGH E
f AND LOW-FREQUENCY ENERGY FROM ITALIAN EVENTS ;.
1 L
! ITA/035/02N Modal Values For :
Subarray Unfiltered |Filtered Other Events s
] 01A 0 |0 0
01B -1 R -1
02B -2 =9 -2 ]
‘ 03B -2 -2 -2 't'
04B -4 ) 2 _
| 05B 3 0 -1 i
06B -1 -8 -5 : 3
07B -1 -3 ) 1
01C X X X )
02C -2 -3 -2 l
03C -3 ) -1 ‘
1 04C -3 0 0 i
05C -3 0 0 ‘_
06C AL 2 -1 il
07C 3 -3 -3
*, 08C 3 -5 -4 i
09C 2 -5 -5
" 10C 1 -4 -5 ;
; 11C x X -4 f
3 12C 5 -6 -6
: 13C =] -5 -5
14C =3 ] -3 ]

11-26
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A similar phenomenon of different arrival times for low and
high frequency energy, although much less pronounced, has been observed
for some other events from the Mediterranean area. Figure II-18 shows as an

example the waveforms for an earthquake from Greece, GRE/109/02N.

E, NORSAR s MEASUREMENTS

NORSAR mb values were measured on a number of detected

events from Eurasia using the formula:
m, = log A/T+ B

where: A is the maximum peak-to-peak signal amplitude in mp

on the adjusted delay array beam (corrected for seismometer

response).
T is the period of the cycle with the maximum amplitude.
B is the distance factor.

Values for B were given in Special Report No. 6, Table I11-4;

the same values are also usea for the calculation of LASA m 's.
h

Figures II-19 and II-20 are plots of NORSAR mb's Versus
either PDE mb's (dots) or LASA mb's (crosses). Magnitudes reported from
ISM are marked as circles. Figure II-19 comprises 67 events from the Japan-
Kuriles-Kamchatka region while Figure II-20 is based on 142 events from the

remainder of Eurasia.

For the Japan to Kamchatka region NOR SAR o values appear
to be generally slightly lower than LASA/PDE values. The average difference

is 0.14 magnitude units, and appears to be independent of event magnitude.
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Note that most of the low magnitude events in this region have magnitudes
from LASA, which is located at approximately the same epicential distance {
as NORSAR. The spread in the data appears to be considerable in view of
this fact. Also, because of the large number of small events not detected by
NORSAR, a better estimate of the m, bias is obtained by only considering
! events of PDE/LASA m, greater than 4.0; this yields an average m, difference

of 0.20 mb units,

All events from other regions of Eurasia have been included
in Figure II-20. Again, NORSAR exhibits a generally lower m, (an average
difference of 0.29 magnitude units) but this difference seems to increase as
the event magnitude decreases. Since this did not appear to be the case for
the Japan to Kamchatka region, it might seem reasonable to relate the problem

to the following two factors:

) Several of the low magnitude events in the last case have an
m, from PDE. Stations in the PDE net that report mb for a
small earthquake are likely to have a favorable radiation
pattern for this event, and will consequently revport a re-

latively high amplitude.

° While most of the large events in our population are from a
distance of 40 degrees or more, where beamforming loss is
low, a greater number of the smaller earthquakes are from the
Mediterranean region, where large beamforming loss accounts

for low NORSAR magnitudes.

However the above problem still requircs further investigation

before a definite conclusion can be drawn

Figure II-21 gives histograms of the magnitude difference

(NORSAR minus PDE or LASA) for the two subregions. The negative bias

I1-32
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could be accounted for by signal loss in array beamforming, which typically
is 3 to 4 dB for teleseismic events (0.15 to 0.2 magnitude units). For near

regional events the loss will generally be higher, thus explaining the greater

negative bias for the continental Eurasian region.

The distribution about the bias appears to be approximately
normal, and would reflect normal variation in signal amplitude due to radiation
patterns and/or propagation effects. Standard deviations in the two event popu-
lations are 0. 32 for the Japan to Kamchatka region and 0. 36 for the Continental

Eurasia.

All the NORSAR magnitudes utilized in the preceding analyses

have been measured by TI. For part of the data, mb values were available

from the NORSAR seismic bulletin compiled at Kjeller, Norway. A comparison
was carried out to see if any systematic differences were present. Figure II-22
is a histogram of measured deviations for 62 events from distances beyond 30
degrees. Itis seen that TI measurements have a slight negative bias (-0.02 m
units), but that most measurements are consistent. The two events that show
particularly large deviations, SIB/014/03N and LO1/058/10N, have significant
location differences between the NORSAR bulletin and the PDE epicenter,

In general, the observed differences are due to different location estimates,

inaccuracies in time delay corrections and lack of precision in m_measurements.

It is interesting to compare Figure I1-22 to the corresponding
histograms for NORSAR - PDE/LASA magnitudes (Figurc II-21). Figure I[I-22
may be viewed as expressing the typical uncertainty involved in two independent
measurements of the same m,, and the corresponding standard deviation is
approximately 0.15. This contrasts with a standard deviation of slightly above

0.30 for the interstation differences from Figure II-21, thus confirming that
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the observed spread between NORSAR and PDE/LASA magnitudes is mostly real

and not due to random measuring effects. (The "real" spread in this case would

2 2
be approximately: \/6 34 -0.15 = 0.31.)

One systematic regional .ifference was seen in the observed
data; the Iran region where 8 events showed an average negative bias of 0.2
for the TI measurement. In fact these 8 events accounted for all of the bias
in the total histogram. It thus appears that the time delay corrections used by

TI were not optimum for this region.

Our event population was not sufficiently large to enable us to
carry out a comparison between m, values measured by TI and NTNF/NORSAR
for near regional events, except for the Italy region. For the 10 events from

Italy, the TI measurements averaged 0.4 m_ units higher than NORSAR's and

b
it appeared that the NORSAR Event Processor was operating with poor time

delay corrections for this region at the time these measurements took place.
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SECTION III
ARRAY PROCESSING RESULTS

A. INTRODUCTION

This section discusses the improvement of signal-to-noise

ratio (SNR) and the signal degradation resulting from:

° Subarray Beamforming
° Array Beamforming
° Application of the ""standard" filter (Figure III-1)

A total of 71 events from Eurasia were used in these analyses;

the magnitude range of these events was from m, = 4.0 to 6.0.

B. SUBARRAY BEAMFORMING PERFORMANCE

Measurements of signal degradation and SNR improvement
from single sensor to subarray beam were made for three events, WRS/295/05N,
KAZ/181/04N and GRE/074/15N. The first two of these are presumed explosions.
All three contain an appreciably greater than average proportion of high-frequency
energy. Previous analysis (Special Report No. 6, 1972) has shown that sub-
array beams for other events will in general perform at least as well as those

discussed below.

Signal degradation (D) and SNR improvement (I) were computed

for each subarray using the formulas:

N )

D = 10 log, o (S-N) - 10 log o (S, - N,

II1-1
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where S and Nare signal and noise powers over 6.4 and 70 seconds windows
respectively, averaged over all sensors within a subarray; while S. and Nb
are signal and noise powers for the subarray beam over the same windows.
Table III-1 summarizes subarray beamforming results for
the three events investigated, using both plane-wave and adjusted delays for
subarray beamforming. The adjusted-delay subarray beam shows an average
improvement of less than 0.5 dB over the plane wave beam. The gain result-
ing from using adjusted delays in subarray beamforming is thus only marginal

even for close-in, high frequency events.

An interesting observation is that the average subarray beam
wide band noise reduction, which is the sum of the SNR improvement and the
signal degradation, is 10.5, 9 and 11 dB for the three events respectively.
This is well above the expected 7.8 dB corresponding to \/f\T- noise reduction,
The apparent explanation for this phenomenon is the strong, directional 3-6
second Rayleigh wave noise field generally propagating from the Northwest
across the NORSAR array. (Special Report No. 5, 1972). The typical sub-
array geometry seems to take advantage of the coherency of this noise for
beamforming teward the East and Southeast. In fact, when steering the sub-
array beams toward the Northwest (300 degrees azimuth, 11 km/sec velocity)
the wide-band noise suppression for the noise preceding WRS/295/05N averaged

only 5.3 dB across the subarrays.

C. ARRAY BEAMFORMING PERFORMANCE

Array beamforming SNR improvement and signal degradation

were computed for 71 Eurasian events in a manner simitar to the computations

III-3
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performed in Subsection III-B. Figure III-2 is a histogram showing the dis-
tribution of wide-band SNR improvement over the entire event population. More
than 80% of the events fall in the 9-12 dB bracket; of the six events with gains less
than 7 dB, five are from the Mediterranean region and one is a presumed explo-

sion from E. Kazakh (KAZ/282/06N).

Average SNR gain was 10.1 dB, while signal degradation over
the event ensemble averaged 3.0 dB. The sum of these two numbers conforms
well to the expectedy/N noise reduction across the array, which amounts to

13.4 dB for N = 22,

The array beamforming gains were also computed for each event
after the standard filter had been applied to the subarray beams. With this pro -
cedure, an average SNR gain of 9. 3 dB was achieved, while signal degradation
averaged 4.0 dB. Tms higher degradation for filtered signals is to be ex-
pected since the filter attenuates the low frequency energy, which is generally
the most coherent part of the signal across the array. Figure III-3 shows the
average subarray and array beam spectra for a Turkey event, TUR/276/17N,
and can serve as a good illustration of the abovementioned point. This event
has a low array beamforming loss around 1 Hz, while beamforming loss around

1.5 Hz is close to the 13 dB noise suppression.

Formation of diversity-stack array beams yielded an average
improvement over the adjusted-delay beam of 1.0 dB for wideband signals and
1.6 dB for signals to which the standard filter had been applied. Table III-2

shows the distribution of the improvements across the event ensemble.

D. STANDARD FILTER PERFORMAN CE

The SNR iinprovement and signal degradation obtained by

applying the standard filter were computed for the ensemble of 71 Eurasian

III-5
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TABLE III-2

SNR IMPR )VEMENT ACHIEVED BY DIVERSITY STACK
BEAMFORMING FOR 71 EURASIAN EVENTS

IMPROVEMENT
dB

NO. OF EVENTS

=~y

WIDEBAND

17

30

19

FILTERED

13




-

events previously referred to in this section. Figure III-4 is a histogram
showing the average subarray SNR filtering gain for the individual events; a
similar representation of SNR improvements for the filtered array beam is

presented in Figure III-5.

Average SNR improvement achieved by the standard filter
is 7.5 dB on the subarray beam and 6.8 dB on the array beam level, thus
indicating that beamforming tends to decrease the effectiveness of the standard
filter. The spread in this data is considerable, with observed SNR gains
ranging from -4 to 16 dB for the filtered array beam. In view of the stable
spectral characteristics of the short period noise at NORSAR (Special Report No. 6
No. 6, 1972), these fluctuations essentially reflect variation in signal spectral
contents. E.g. for the Turkey region, with dominantly low frequency signals
(Subsection II-B) standard filter SNR improvement averages only 2 dB, while

the average gain for Afghanistan events is 10 dB and for E. Kazakh presumed

explosions 14 dB.

Signal power attenuation caused by the standard filter is shown
as a histogram in Figure III-6. Average signal loss is 6.5 dB on the filtered
array beam, with values for individual events ranging from 1 to 17 dB. This
average loss combined with the average SNR gain of 6. 8 dB mentioned earlier
accounts for an average noise reduction of about 13 dBachieved by the standard
filter. This number is consistent with the results from our noise analysis pre-

sented in Special Report No. 6, 1972.

Figure III-7 is a plot of the effectiveness of the standard filter
as a function of event wide-band SNR. It appears that filter performance is
largely independent of event size. There is a slight trend toward higher filtering
SNR gains for smaller events when Turkey events are eliminated; this might be
attributed to a general tendency for smaller events to contain proportionally
more high frequency energy than large events. An enlarged data base will

be necessary to study this problem in more detail.

I11-9
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SECTION IV
NORSAR TELESEISMIC DETECTION CAPABILITY

A. ESTIMATE OF THE NORSAR m, DETECTION THRESHOLD

A study was carried out to deter iine the detectability of tele-
seismic P- waves using the NORSAR short -period array. The adjusted-delay
array beam was used for P- wave detection. In almost all cases where event
magnitude was below 4.5, a !''standard" filter was used (See Figure III-1).

The procedure leading to the selection of this filter was outlined in Special

Report No. 6.

The data base used in this study consisted of a total of 344 events.
The 106 events listed in Special Report No. 6 were supplemented with 238 addi-

tional events listed in Table I-1.

In order to make possible an unbiased estimation of the NORSAR
detection threshold, all events in this population thzt had been selected using
the NORSAR seismic bulletin as a source were eliminated. Also deleted were
events reported in the bulletin from the International Seismic Month (ISM) where

NORSAR hat been listcd as the primary source.

We thus arrived at a data base consisting of 303 events from
Eurasia. This population should be a representative sei of seismic events from
the Eurasian Continent, including Europe and the Mediterranean all of Continental

Asia and the Kamchatka-Kuriles-Japan arc. The Philippines Islands' region is not

included and only a few Japan events are present. Our event population includes




relatively too many high magnitude events, but this bias will of course not

influence our estimate of the NORSAR incremental detection threshold.

The data base was divided into two subsets. 121 events from
the Japan-Kuriles-Kamchatka arc (called Japan region) and 182 events from all
other regions in Eurasia (called Continental Eurasia). A further regional sub-
division would be desirable, but our limited event population so far does not

permit this.

Of the 121 events in the Japan region a total of 26 events ranging
in body-wave magnitude fromn 3.3 to 4.4 were not detected by NORSAR. Figure
IV-1is a histogram represcnting the magnitude distribution of Japan region

events processed and indicating how many of these were not detected.

Of the 182 events in Continental Eurasia, a total of 12 events
between m, = 3.3 and 4. 8 were not detected by NORSAR. The one event of
m, = 4.8 (ITA 035/04N) not detected may possibly have been assigned too
high a magnitude, since only one USCGS station reported a signal amplitude
for this event. This station (LOR) averaged 0.7 mb units higher than the
PDE m, for other Italy events. Figure IV-2 is a histogram representing
the magnitude distribution and detection status for events within Continental

Furasia.

Figure IV-3 shows a plot of the detected/not detected status for
events from Continental Eurasia of magnitude less than 4.7. There is no def-
inite trend towards lower detectability for greater epicentral distance, but our
population of small events is scarce above 40 degrees distance. Itis still
interesting to note the good detection performance between 35 and 55 degrees;

most of the events in this group are from Central Asia.

Ar estimate of the incremental detection probability for the

NORSAR array waz derived from Figure IV-4 . To stabilize the pictures for
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the two subregions individually, the events were grouped in steps of 0. 2 magni-

tude units. The detection probability in each bin is the ratjo of the number of

events detected to the total number of events processed. It appears that the

90% incremental detection level is around mb = 4.3 for the Japan-Kamchatka

region and between m,_ = 4.1 and 4.2 for the remainder of Eurasia. The histo-

gram representing all events is somewhat more stable, and suggests a 90%

incremental detection threshold near mb = 4,2 for all of Eurasia.

The apparent discrepancy between this result and the m

threshold of 4.3 - 4.4 suggested in Special Report No. 6 seem to be attributed

to lack of data and also the fact that most of the low magnitude events were

from the Japan-Kuriles-Kamchatka region where detection capability is some-

what poorer,.

Our 90% m, threshold of 4.2 agrees well with the corresponding

L ASA threshold of 3.9 considering that the NORSAR RMS noize levels through

thestandard filter is about a factor of 2 higher than those observed at LASA

(Special Report No. 6); (Dean 3L JrA0 s
0.3 m

This accounts for a difference of about

b units in detection thresliold between the two arrays,

Some qualifications still exist with respect to the above estimates

First of all, the event population is still scarce, and should be expanded further.

Notably more events of magnitudes 4.0 - 4.5 are needed. Secondly, all decisions

regarding detection/no detection have been made by an analyst looking for a
signal with a known source location and arrival time; this the degradation in-

herent in an automatic detection system has not been a factor here.

B. COMPARISON OF TI AND NORSAR DETECTION RATES

For the time period 1 January to 20 March 1972 a study was

carried out to compare the number of events reported in the NORSAR seismic

bulletin to the number of detections claimed by the TI analyst.

A total of 122

P T A i 1




» s 1

evente reported from PDE/LASA/ISM were available for this time period, 53
from the Japan to Kamchatka region and 69 from other parts of Eurasia. The

results are presented in Table IV-1.

It appears that the NORSAR bulletin reported almost all de-
tectable events of magnitude greater than 4.2 for the Japan region , while several
events up to magnitude 4. 6 from other parts of Eurasia were missed. Some re-
servations must be made due to the scarcity of events fromthe Japan region, but
our data still reflects the excellent beam coverage of this area for the NORSAR

on-line Detection Processor.

Several low magnitude events have not been reported in the
NORSAR bulletin, this is in part due to a conservative acceptance threshold
for the NORSAR Event Processor at the time, but may also reflect the inherent

limitations of an automatic event detector.

Based on our analysis of NORSAR data so far, it is possible
to establish a simple theoretical model for the NORSAR detection capability

and to give tentative estimates of the parameters as follows:

For an arbitrary earthquake of PDE/LASA body-wave magni-
tude m, NORSAR can be expected to see this signal as a magnitude m event
where mNis sampled from a Gaussian distribution with mean m - A and standard
deviation 0'1 . (e.g. for the Japan to Kamchatka region, A= 0.2 and o= 0.3

according to subsection II-E).

Whether or not an event is detected at NORSAR is dependent
upon noise level and processing losses. In Special Report No. 6 the average
RMS filtered array beam noise was found to be 0.12 mu , and a tentative
standard deviation is 2 dB. Signal attenuation by the standard filter varies con-
siderably; values from 1 to 7 dB are typical for teleseismic region. If signal-

to-noise ratio (SNR) required for detection is set at 11 dB (which is consistent
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TABLE IV-1

COMPARISON OF THE NORSAR SEISMIC BULLETIN TG EVENTS
VERIFIED BY TI USING NORSAR DATA

Japan-Kamchatka Arc Remainder of Eurasia
Magnitude
I, Boaghet Total I NORSAR | Total TI NORSAR
Events Detection Bulletin Events Detection Bulletin

- 3.3 -3.4 1 0 0 1 ) 0

77 3.5-3.6 6 2 0 2 1 0

= 3.7 -3.8 11 8 3 3 : v

¥ 3.9 - 4.0 10 6 3 6 6 3

o 4.1 - 4,2 8 6 4 9 8 3 ;

I 4.3 - 4.4 3 3 3 8 8 4 E
A 4.5 .46 5 5 4 12 11 7 |
1 I 4.7-4.8 5 5 5 12 11 U |
3 4.9 - 4 4 4 16 16 15
r '. I ] A ‘

T

-

% Jw IvV-9 5
1 ]
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with the NORSAR detection processor), we find that the smallest signal

generally detectable on an unfiltered array beam has a RMS value of 0.7 mu f
or a peak-to-peak amplitude of 2 mpu . At a 65 degrees range this corresponds
to an earthquake of NORSAR magnitude of approximately 3.75 if a period of

1.0 seconds is assumed. This limiting magnitude m, varies with background
noise and as a function of system loss, and we will assume that it follows

a Gaussian distribution with expectation m0 and standard deviation o

Values of mo‘: 3.75 for the Japan-Kamchatka region and 0'0:0. 2 are suggested

by the preceding considerations.

We are now able to formulate the probability of NORSAR

detecting an event of PDE/LASA magnitude m as follows:

m-A—mO |
Pr (Detect m) = Pr (mNZ mL) = ¢ (- 0_‘ )

where o =0'1+(r

since (m__- mL) is Gaussian witli expectation (m - A - mo) and standard

N
deviation 0. ¢ denotes here the cumulative normal distribution function. I

The detectability curve with the above parameters for the |

Japan-Kamchatka area is sketched in Figure IV-5. It is seen to agree rea-

sonably well with the observed detection rates shown in Figure IV-4, although

the 90% detection level is slightly higher (around 4. 4) for the theoretical curve.

The above model may be used for estimating the total number

of detections N by the NORSAR array for a given seismic region, using the

IV-10
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standard seismicity formula for the cumulative number N of earthquakes
c

above a given magnitude m:
log,Nc =a-bm

N is then determined by

dN m-A.-m
szeo__c_ q,(___o) dm
dm o
-0

which yields

2002
L in 10

loghb=a-b(m_+A) +

0

Valuescfa = 6.85 and b = 1.04 for the year 1965 have been
obtained by Evernden (1970) for the Kamchatka/Kuriles region of the USSR.
Based on this our estimate of the NORSAR optimum detection capability for
this area becomes approximately 800 events annually. Of course some uncer-
tainty in this number is caused by variable seismicity from year to year.
Apart rom this, one significant pcssible error source is our estimate of the
50% incremental detection threshold m0 4+ A. An error of 0.1 in this estimate

will cause our estimate of N to be wrong by 20-25%.

The model developed here does not apply directly to the
general Eurasian region since distance factors vary greatly when near re-
gional events are included and also the NORSAR magnitude bias seems to show
a significant regional dependence. More data will be needed to analyze theo-

retical detection capability for the remainder of Eurasia on a regional basis.
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SECTION V
SHORT - PERIOD DISCRIMINATION

DEFINITION OF DISCRIMINANTS

P30 Mean Square

This discriminant, which is a measure of event complexity, is

computed by crosscorrelating 4 sec of the waveform (beginning a few points

before P’-wave onset) with the next 30 seconds of the waveform and with the
noise preceding the signal. A mean square, weighted by the lag, is then com-
puted fromthe correlations over both 30 seconds of the noise and 30 seconds

of the signal. The noise mean square is subtracted from the signal mean square

to obtain the discriminant used (Texas Instruments Incorporated, 1971).
2. Autocorrelation Mean Square

This discriminant is also a measure of complexity. The auto-
correlations of a 30-second noise gate and of a 30-second signal gate are computed
and a weighted mean square then derived from these correlations for the noise
and signal. The discriminant is derived from the signal mean square minus the

noise mean.
Envelope Difference

This discriminant is also derived from the P30 correlation by
computing the mean-square difference between the envelope correlation and a
fixed decaying exponential, the decay rate of which is the average rate for an
ensemble of 16 explosions recorded at LASA. As with the first two statistics,

envelope difference is a measure of complexity .




4, Dominant Period

This discriminant is computed by finding the cycle in the wave-
form with the maximum absolute amplitude; the domirant period is the duration
of this cycle in seconds. This parameter can be estimated with some confidence,
even for events with a relatively low signal-to-noise ratio, The dominant period

discriminant is a rough measure of spectral energy distribution.
e Spectral Ratio

This discriminant is derived from the signal power spectrum
over a gate beginning just before the signal arrival. The power spectrum is
smoothed over three frequency points, and the power in three bands is com-
puted; Band 1: 0.- 0.55 Hz; Band 2: 0.55 - 1.5 Hz; Band 3: 1.5 - 5.0 Hz.
These bands have been selected based on NORSAR data. Spectral ratios

computed were Band 3 to Band 2 and Band 3 to Band 1 respectively.

The spectral ratio that seems to produce the best separation
for LASA data, (0.35-0.85Hz to 1.45-1. 85Hz) also was computed for each event,
but did not appear to be as effective for NORSAR data.

B. NORSAR SHORT-PERIOD DISCRIMINATION RESUL TS

Short period discriminant values for the discriminants defined
in V A are plotted as a function of body-wave magnitude for a total of 269 events
in Figures V-1 to V-12. Shallow earthquakes and ea rthquakes of unknown depth
are represented by a cross. Deep earthquakes (of depths greater than 100 km)
are denoted by a triangle. Presumed explosions are indicated by an asterisk.

Events from the Western Hemisphere are surrounded by a circle.
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As was observed in Special Report No. 6, the discriminants
appear to be not very effective 1tor deep carthquakes. In particular this applies
to the autocorrelation and envelope difference criteria, while the spectral ratio
discriminants scem to perform better in this case. Also, it is evident that
presumed explosions from the Western Hemisphere do not follow the same
patterns as Furasian ones, thus we will confine the remainder of this section

to the discussion of NORSAR short period discriminants applied 1o Eurasian

events,

A comparison between the corresponding plots for the dis-
criminants applied to the reference subarray beam versus the adjusted delay
array beam reveals that the array beam yields consistently as good or better
separation between FEurasian earthquakes and presumed explosions., Table V-1
was compiled by visually inspecting the plots shown and listing all "difficult"
events of magnitude 5.0 and greater, i.e., events that would appear to be within

the wrong population by at least one of the criteria applied to the array beam.

It is seen from Table V-1 that the classification of an event
may vary considerably from one discriminant to the other . The presumed
explosions that appeared to be most difficult to classify were from Western
Russia, WRS/277/10N and WRS/295/10N. These twn events both had complex
waveforms and significant erergy content below 1.5 Haz. Only the spectral

ratio criterion that compared high frequency energy to very low frequency

cnergy was able to classify these events properly.

One deep carthquake, K'JR/099/15N, consistently behaved as
an cxplosion with respect to all the discriminants. One other deep carthquake,
TAL/271/14N, and one shallow carthquake KM1/073/12N, were misclassificd
by the signal complexity criteria, but behaved normally with respect to the
spectral content discriminants. The three remaining "difficult" earthquakes

were misclassified by only one of the six discriminants.
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It appears from our data that tl.e discriminants based on spectral
contents generally separate better betweesn earthquakes and presumed explosions
than the discriminants based on waveform complexity, However some kind of
a muitivariate criterion would probably give the most reliable performance.

For example, selecting all events tha. definitely belong to the presumed ex-
plosion population for at least one of the spectral contents discriminants

(code E + in Table V-1) would cause all the 14 Eurasian presumed explosions
to be included, while only 1 of the 51 Eurasian earthquakes of magnitude 5.0
and greater would satisfy the criterion. This one earthquake is KUR/099/15N
of depth 126km.

More data from presumed explosions of magnitudes below 5.0
is needed to determine the capabilities of short period discriminants applied
to low magnitude events and to determine what kind of multivariate discriminants

would be most effective on NORSAR data.

A comparison between the performance of these Short Period
discriminants and the three combined Short Period-Long Period discriminants
(Ms - m, AR - m, AL - mb) described in Special Report No. 5 was carried
out. However, only 49 cvents, 8 of which are presumed explosions, have bheen
processed in common for the SP and LLP evaluation programs, thus our present
data is sufficient only to yield a tentative indication cf the relative efficiency
of the two types of criteria. Of the eleven "difficult" events listed in Table 3,
three had been selected for LP discrimination; KAZ/356/06N, TIR/123/00N
and KUR/213/02N. All of these events were very clearly assigned to the proper
category by the three SP-LP discriminants. In fact no event in our limite!

common population failed any of the combined SP-LP discrimination criteria,

but one event appeared to be a borderline decision, BLS/210/19N. This pre-

sumed earthquaice of m, = 4.5 had a surface wave magnitude of Ms & 12D,




However, all our short period discriminants placed this event definitely in

the earthquake population.

As expected these preliminary data indicate that the Long
Period discriminants yield better separation between carthquakes and presumecd
explosions than our Short Period criteria. The quertion of to what degree SP
discriminants can supplement LP criteria when those fail cannot be fully
answered from our present data base. Future efforts will be directed towards
incroasing the number of common events for P and LP discrimination. as well

as extending the total data base for discrimination studies.




SECTION VI
CONCLUSIONS AND FUTURE PLANS

CONCLUSIONS

Counclusions about the performance of the short period NORSAR
array, based on analysis of more than 300 signals (primarily from Eurasia) are

given below.

Data quality is excellent. For about one-half of the saniples
all 132 sensors were operational. The worst data loss encountered was 24
sensors. For six events spikes were found in the data, but these events could
still be processed. Phase reversals were observed for a few seismometers

during parts of 1971, but this problem had been corrected for 1972 data.
Major conclusions from the signal analysis are:

Amplitude variations across the subarrays are generally large
(typically 4:1) and show strong dependance upon source rezion.
However, within narrow regions a high degree of consistency
is scen, and it appears that most of the amplitude variations
may be explained by scattering effects due to the irregular

structure of the Mohorovicic discontinuity underneath the

NORSAR array.

Time delay anomalies (deviation from plane wave propagation

along the great circle path) are significant between subarrays,

but a consistent set of anomalies can in general be obtained




for events of epicentral distan e greater than 30 idegrees from
NORSAR. Part of the observed anomalies, but not all, can
be explained from the variations in depth-of the Moho below

NORSAR.

For certain close-in events, notably events from Italy, low
and high frequency signal energy appear to follow differcnt
paths; the 0.5 Hz energy arriving at NORSAR 1 - 2 seconds
before the 1 Hz energy. Significant differences were found
in this case between time delay anomalies for the low and high

frequency signal bands.

Considerable variation in regional signal characteristics has
been observed. Signal waveform complexity showed the expected
decrease with increasing distance, except for some high com-
plexity events from Taiwan and South Kamchatka. Signal spectral
contents was more unpredictable, with low frequency signals
being observed mainly from Italy, Turkey, Kirgiz and Taiwan
while Greece, Tadzhik and Kurile Island events generally

produced high frequency signals.

Significant spread has been observed between LASA/PDE and
NORSAR magnitudes (as measured by the TI analyst). NORSAR

magnitudes are generallv lower, with an average negative bias

0of 0.2 -0.3 mb units, and with a standard deviation of 0.3 around

this bias.

The following conclusions werederived concerning array process-

ing performance:

Average wide band subarray beam-to-array beam SNR improve-

ment was 10 dB, with 80 percent of all examined events having




values between 9 .nd 12 dB. As expected, array gain is con-
siderably lower for close-in events and presumed explosions

with high dominant frequency.

Average wide-band signal degradation from subarray to array
level is 3 dB. Together with the 10 dB SNR improvement, this
is consistent with the expected 13.4dB noise reduction for 3 22-

¢lement array.

Diversity stack array beamforming yielded an average improve-
ment over the adjusted-delay array beam of 1.0 dB for un-

filtered and ' 6 dB for filtered signals (standard filter).

Compensating for time delay anomalies on the subarray level
yielded an average of only 0.5 dB SNR improvement for three
close-in events compared with plane wave subarray beams.

Thus plane wave delays appear to be adequate on the subarray

level.

SNR improvement achieved with the standard filter averaged
7dB, with values for individual events ranging from -4 to 16 dB.
Significant regional dependence was seen .n these numbers.
Filter signal suppression averaged around 6 dB, and also showed

a large variability between event-,
Our conclusions concerning NORSAR detectability are:

90% incremental detection threshold is close to 4.2 for all
of Eurasia combined, and slightly nigher (4. 3) for the Japan to

Kamchatka arc.

The number of events reported in the NORSAR seismic bulletin

for Janua:y-March 1972 appears to be considerably lower than




would be expected from our analysis of NORSAR detectanility,
Presumably, this is due partly to conservative prethreshold
for operation of the NORSAR Event Processor, partly to the

inherent limitations of the automatic signal detector.

A theoretical model based on YORSAR scismic noise level
and processing losses seems to give detectability estimates

which are cons: stent with our experimental results.
Conclusions with respect to short period discrimination are:

Discriminants based on spectral energy distribrtion seem to
be superior to discriminan . based on the complexity of the

signal waveform.

No single discriminant was able to separate completely be-
tween presumed explosions and earthquakes. The best sepuara-
tion was obtained by considering the spectral ratio of energy in
the bands 1 5 to 5.0 Hz and 0 - 0. 55Hz, although reservations
must be taken duc to possible bias caused by the high signal-
to-noise ra.ios for all events in the presumed ~xplosion popu-

lation.

It appeared possible to improve separation significantly by
considering a combination of discriminants. However, no
formal multivariate model was established to determine an

optimum criterion.

A preliminary study of the performance of short period dis-
criminants versus that of M - ML ana other SP-LP discri -

s
minants gave the expected result that the latter ones in general

produce a better separation between earthquakes and presumed

explosions.
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B. FUTURE PLANS

Future NORSAR short period evaluation efforts will concentrate
on increasing the enseiable of low and inter mediate magnitude Eurasian events.
As the event population increases, more emphasis will be laid upon obtaining
regional estimates of signal processing losses, time delay and amplitude anoma-

lies and detection thresholds. Regional signal characteristics will be investi-

gated in furtier detail,

The effects on array gain from eliminating subarrays that give

consistently low signal amplitudes for certain regions will be investigated.

Measurements of short period discriminants will be updated,
and more investigation will be performed to find the optimum bands for com-
puting spectral ratio. The possibilities of multivariate short period discri-

mination will h: studied as well as the combination of short and long period

discririinants.
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